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ABSTRACT 

Theoretical seismograms for fundamental mode Rayleigh waves were 

calculated for atmospheric point sources over oceanic and over continental 

earth models, as recorded at an epicentral distance of 10,000 km.  Yields 

we re uniformly distributed over the range 1 kT to 10 MT, for source altitudes 

in the range 0.3 to 92.0 km.  The earth structures used were those of 

Gutenberg and of Anderson and ToksÖz.  The source models were point mass- 

injection and energy-injection sources at altitude, as well as a distributed 

pressure pulse at the surface of the earth. 

It was found that:  (1) as far as Rayleigh wave excitation is concerned, 

the mass-injection and energy-injection sources are equivalent; (2) for low 

altitudes the Rayleigh wave excitation is independent of source type, but 

at intermediate altitudes the surface overpressure source predicts greater 

amplitudes than the other two source models; (3) for most altitudes, the 

energy coupling from the atmosphere into Rayleigh waves is more efficient 

for the continental earth structure than for the oceanic structure; (4) 

Rayleigh wave amplitude is more sensitive to yield than to burst height; 

(5) dependence of Rayleigh wave amplitude is less than the cube root relation 

for low-yield explosions at intermediate altitudes, but greater for high- 

yield explosions at near-surface altitudes; (6) spectral splitting ratios 

do not show a systematic variation with yield and burst height. 
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INTRODUCTION 

In thi^ paper we calculate Rayleigh wave excitation at teleseismic 

distances for a variety of source models, earth structures, source yields, 

and burst heights, and study the variation of the Rayleigh wave spectrum and 

waveform with these parameters. 

We used Harkrider's (1964a) computer code for calculating the far-field 

modal exditation of acoustic-gravity waves in an atmosphere consisting of 

isothermal layers overlying a rigid halfspace, and a similar code 

(Harkrider, 1964b) for calculating Rayleigh wave propagation in a layered 

solid/liquid halfspace underlying a vacuum.  These two codes have been merged 

in order to model the coupling of atmospheric and seismic wave propagation 

and to calculate the generation of Rayleigh waves from a point source in 

the atmosphere, and the latter code was also used to model a pressure source 

distributed on the solid free surface. 

It was found that the loading of the atmosphere on the solid earth 

affected tue Rayleigh wave characteristics by only about 0.01%, i.e., the 

ratio of atmospheric to solid earth density. 

Previous attempts to predict Rayleigh wave excitation by atmospheric 

sources were either oversimplified or else, heuristic and ad hoc in nature. 

Toksoz and Ben-Menahem (1965) assumed a point source in a homogeneous liquid 

halfspace overlying a homogeneous solid hilfspace; they made use of an 

equation of Cagniard (1962) and predicted that the effect of burst height 

on Rayleigh wave excitation should be negligible in this situation. Nickel 

and Whitaker (1971) used an ingenious synthesis technique to approximate a 

layered solid earth model. We discuss below the validity of the assumptions 

-1- 
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Involved  in their technique. 

Harkrider and Flinn  (1970)   described  the  formulation for a point 

mass-injection source within one layer of the atmosphere.     In  the work 

reported here we modified the codes Harkrider and Flinn used to include 

Pierce's   (1968)  energy-injection source as well as a distributed  surface 

overpressure  source. 

The solutions to an expanding ring and an expanding disk surface  load 

on an Isotropie solid half space have been obtained by Gakenheimer and Mlklowitz 

(1969),  i-jikenheimer  (1969),  and Gakenheimer  (1971)  among others.     Rayleigh 

waves and body waves due to an atmosphere explosion modeled by an equivalent 

moving normal  force applied to a multilayered half space have been formu- 

lated by Hudson  (1969)  and computed  for an equivalent  stationary point  source 

at the free surface by Douglas et al.   (1972). 

The codes used in the present work are described by Kerr  (1971) . 

Source scaling was done by standard methods  (Harkrider and Flinn,  1970). 

Two earth models were used in the present work:  the Gutenberg continental 

model  (which has a. low-velocity zone;  see Ben-Menahem and Harkrider,  1964, 

p.  2610)  and the Anderson-Toksoz oceanic model  (Harkrider and Anderson, 

1966, p.   2970).    Earth and atmospheric layering characteristics were as 

usual assumed to be invariant between source and receiver. 

■ 

Calculations were made for a variety of yields and burst heights for 

both earth models and for all three source models. Waveforms and spectra 

were calculated fcr yields of 1 kT to 10 MT and burst heights of 0.3 to 

80 km. 

-2- 
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THEORETICAL NUMERICAL METHODS 

Energy Injection source in the atmosphere 

The formulation for Rayleigh waves generated by an explosion in a 

gravitating atmosphere coupled to the solid earth by a mass injection 

source was described by Harkrider and Flinn (1970). We have modified our 

calculations by using the Pierce energy injection source (Pierce, 1968 

and Pierce et al., 1970) which was used by them to calculate acoustic- 

gravity waves from an explosion in the atmosphere. 

-3- 
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For an energy source at (r, z) = (0, D) (z positive upward) in an 

infinite isothermal gravitating ideal gas, the outgoing time-transformed 

parcel pressure <p > can be written in integral form as 
ps 

e-iV I2'0 I J (kr)k dk 
 ""   0 

iv 

where 

X - Yg/2a 

—2       2     2   2 
v = (co/a) - h.k - X 

i    2/ 2 

h2 = 1 - a2 /a) 

and 

GE = 
Vag exp HjJ 

27r  (b 2 + a)2 ) 
s 

P  = P as   ao 

PS(D) 
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b = 1/T s    as 

^ = 2 tan"1(ü)/b ) 

Following Harkrider and Flinn (1970), we find that 

Av    =  Airk 
s 

PS(D) 

Aps =   o 

(2) 

. 

and 

as 
.-1/2      -Y(a))r 

p a k.    e ' as 3 1 
f  2 j. u 2N  ,   . QNl/2 e (u + bs )  (ae sin 9^ 

(3) 

.0>) L wn J 
exp Ii(ut - k. r + 3Tr/4 - (|) ] da) 

J e 

where 

-ilGN - LH] 
O* /ak) e        a) 
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F    =   INK - IM]   - 21     [GN - LH] 

22 

rpJDy A. 
=    "   (V21    +      ^    (As)22 

A
22 

A is the atmosphere product matrix evaluated at the source altitude, and A 

is the same product matrix evaluated at the tcp of the atmosphere, k. is 

the j'th root of the Rayleigh wave dispersion equation. 

It should be noted that substitution of equation (2) into the source 

relations of Harkrider (1964b) yields the same acoustic-gravity wave over- 

pressure relations as those of Pierce et al. (1971). 

Rayleigh wave displacements from sea-level overpressures 

For the excitation of Rayleigh waves by an overpressure specified at 

sea level, we model the earth by a multilayered elastic half space with an 

optional layered gravitating liquid at the surface. We formulate the 

problem for an azimuthally symmetric overpressure source [p (r,t)] applied 

to the surface of the earth model. 

The Fourier time-transformed source 

<p (r)> = 
s Ips(r,t)]e"

lü,t: dt i 
-6- 
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can because of  symmetry be written as 

•/ 
<P„(r)>  |  PS J0(kr) dk (4) 

where 

Ps-/ 
<p (r)> J (kr)r dr 

s    o 

The twice transformed pressures and particle velocities at the free 

surface of the liquid layer for the oceanic, model are related to those on the 

ocean bottom by 

-w 

= A 

-w 

L ° J 

or 

Ps = [ -A21 + _£ A22 
w (5) 

where the ocean layer matrix A can be obtained from Dorman (1962) or by 

setting the gravitational acceleration equal to zero in the atmospheric matrices 

of Press and Harkrider (1962) and Harkrider and Fllnn (1970). 

-7- 
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If we assume tt. Se?arabu £„ra of equatloIl (4) _  th. ^^^    ^^    ^ 

^ the vertlcal  (PoSltlv. do™„ard) aisplace^t ^ ^ ^ ^^^        » 

aarth ^„.„e H. ^u^ ^ the ela3tlc ^^ ^ ^ ^ ^^ ^ 

I 
U0/cJ [GN - LHJ 

(6) 

" qUantitleS N- K' L' «•  G' - » - -flnaa by ^^ (1964a.  1970) 
Asa^n, con£lnulty of „_, ^^^ ^ ^^^^ ^^ ^^ ^ ^ 

U^d-ona inurf.« „a obta!» by c^tnlng equatlons (5) ^ (6). 

w0 = - i    _§.   _i_   [GN - LH1 
k      A22 ^ (7) 

where 

Fa =   [NK - LM]  - c    A-il    [GH - LH] 

w0 = ia)Wo 

22 

and Po = " a0 

^arefo^a tha ti™a-tran8forned vertlcal dlsplaceTOiit „, ^ ^ ^^^ 

^ Wo> =  /      "o   Jo(ltr>   dk 
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is given by 

/    k  A22 
<w > = p     J0 (kr) dk 

a 
(8) 

For the overpressures applied to the surface of the continental model, 

the result is similar to the oceanic model: 

<w 

OQ 

> = -i /    !s. La - LH] 
> V k F J0^lcI )  dk (9) 

where 

FR =   INK - LM] 

This result could also be obtainec by letting the thickness of the water 

layer approach zero in equation (8), since A22 -»■ 1 and A», -> 0 in thi^ 

limit. 

Evaluating the residue contribution of integrals (8) and (9), we obtain 

the solutions for the vertical displacement spectra associated with the j'th 

mode Rayleigh waves. For the oceanic model the solution is 

{w ) -- JL !«_ [GN - lü]  (2) 
o j   EJ A22 (3F0/ak)j 

Ho   »J« (10) 

•9- 
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and for the continental model 

o j   k Hs (8FD
/ak)j 

Ho   (k.r) 
J        K    J J 

(11) 

-here k.  is  the j'th root of  the Rayleigh wave disper.i 
ion equation for  the 

ocean; 

F   (k   ,0))   =  0 

or the continent: 

Vk-j.aO = 0 

for .„re geneMl source wnÄtrlM vlll contaip the qiiiiititiM ^^^ ^ 

only on the vertical proofrtipq „f ^D      JJ 
prope.ties of the medium as ky   [GN - LH],  and   (9F/3k). 

In particular,  if the source can be represented as 

<P<,(r,e)> = cos(me) 
/ P8 Jm(kr) dk 

the solution would be 

<w (r,0)> = -i cos(ine) 

00 

Jo        k A22 

[GN - LH] 
J  (kr) dk m 

For more general pressure distributions on the earth's surface we can 
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rr 
integrate the solution  for a point pressure source over  the desired source 

area.    The point pressure  source U   defined here as p    = k/Zir,  in order 

that <Pg(r)>  given in equation  (4) be a delta  function.     Using equation  (9), 

the solution for the point source is written 

<w. [GN-LH]        J  (kr)     dk 

The solution for a distributed surface source,  <p  (r,e)>,  is  then given by 

the integral over the surface    S    as 

<w )(r.e)> =        j    <Ps(ro.eo)> G(r  |r0)  dSc 

where we define 

G(Y    r )  = 

< 

2Tr J 
l^-m.   J   (kR)   dk 

FR 

R =  !r - r     i 

and r is the position vector in the (r, 8)  plane.    An example of this technique 

io given in Appendix A for a disc source, which can be verified by equation  (4). 

Surface overpressure models 

The distributed sea level overpressures are assumed to result from a 

spherical wave incident at a rigid surface from a point source at a height    D 

above the surface.    The spherical wave front is assumed to expand with 

velocity a.    That is,  the overpressure at a distance r from ground 

-U- 
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zero is 

tP_(r)> = 2p 
r^a /« 

OS    R 

where 

R     2   2 o = D +rl 

The assumed rressure time history is the Glas 

1962): 
stone pressure pulse (Glasstone, 

tPe(as.t)] H 

Pas(1-:/T+aS) «PW1L.J,   T > -ras' 

(13) 

T < O 

where T = t " ae/a- Po0 is the s     as peak overpressure and T  is the positive 
+as 

phase duration at R    = a  .     Exoress-tno  CTn  - ag.    expressing (13)  as an outgoing   spherical wave and 

taking the Fourier time transform, we obtain 

<Pe(Ro)> = J^asfs    exp {-HwR /a + 2 tan"1  (a)/b  )]} 

s      o 

where bg = 1/T^.    From equations  (13)  and  (14) we see that 

(14) 

IwP „a 
3.S    S 

Pos *    "FTa        expl-i2 tan^d^/b )] 
a) +b s 

-1, 

-12- 



Using the Sommerfeld  integral, we can express <p  (r)>  in  the integral 
s 

form of equation (4) as 

<Pg(r)> = -i2Pog 

0 

/ 

^-ivD 
—7- k Jo(kr) dk 

where 

v2 = (Ä) - k2 
a 

and thus 

2ü)p a k -1, 
Ps 

=    a3 3  exp{-i[vD + 2 tan (w/b )]} (15) 
2       2 

V(üJ +b    ) 
s ' 

We obtain the ocean bottom Rayleigh wave displacement in the far field by 

substituting equation (lb)  into equation (10)  and transforming back into the 

time domain: 

K^-   (f) 
1/1 »'■asSV1'2      e"'(">r 

2   .  ,   2 
Äjj2y(w" + bs')     [aesin ee]1/2 

(16) 

where 

•  exp{i[cüt-k.rt3Tr/4-(|) ]} dco 

^    = vD + 2tan~1(ü)/b ) 

-13- 
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and 

A    = -i 
[GN - LH] 
OF  73k) 

0 

and where we have used the asymptotic expansion for large arguments of the 

Hankel function, as well as approximation for the earth's curvature, as in 

equation (3). The expression for the continental model can be obtained by 

setting A22 = 1 and A21 = o in equation  (16) . 

Source  overpressure scaling 

The  scaling of the outgoing wave   (equation 13)   for the mass and energy 

injection source models for different yields and burst altitudes  is done 

using the  formulas in Glasstone  (1962)    Using values obtained  from Glasstone 

(1957)   for a 1 V.T typical air-burst nuclear explosion,  the scale distance 

a  ,  peak overpressure p     ,  and positive phase duration T        are given by: s as +as 

a    = r.a s      v   o 

T^      - ? +as 

a 
_2. 
a +ao 

as 

5 = 

P3(D) 

o    j 
ao 

W 
VD)J 

1/3 

Here, W is the kT equivalent yield, P and a are the ambient pressure and 

acoustic velocity at sea level, and P and a are at the burst altitude. 

Except for the low burst altitudes, this scaling at the source altitude is 

not appropriate for a surface applied source where we need the sea-level peak 

-14- 

JL^ 



overpressure,    unlike Harkrider and Flinn  (1970)  where the scaling of   the 

outgoing wave is done at  the same altitude as the source. 

For nuclear explosions   In the intermediate altitude range,  10 ^_ D    <_ 

100 km, we use the weak shock overpressure relations derived by Murphy 

(1972): 

?asas " 0-2  '    tPs  W  V1/2 RS 
(17) 

+as .0857^-    -^-^- 0    (1 + x + n) 

b(x)  =  [1-2(1 + x + n^^Cx)] 1/2 

where E  (x)  is the exponential integral, h is the scale height of an 

exponential atmosphere, and x and n are matching parameters for a shock 

wave calculation in a spherically symmetric exponential atmosphere  (Lutzky 

and Lehto,  1968).    The matching parameters are given graphically and in 

tabular form as a function of ah in    Murphy (1972).    The parameter ah is a 

function of source height and yield: 

ah = h 
Pa(D) 

29.4 V 

1/3 

where, h is  in km, P  (D)   in millibars,  and W in kT. 

Equations  (17)  are the extrapolation relations using the Reed-Otterman 

analytic weak-shock theory (Reed, 1959).    As in Murphy (1972), we will 

restrict our calculations to source heights and yields for which the ratio 

-15- 
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of overpressure  to ambient  measure on the  ground is smaller than 0.1. 

Isothermal atmosphere model 

Since the result for  the atmosphere/solid-earth system (equation 3) 

is similar  to the distributed overpressure result  (equation 16), we will 

compare the simple model of an isothermal gravitating atmosphere with the 

sea-levri distributed source. 

For a single-layer atmosphere of thickness H, 

V =  ipoe -AH    6_   sin(vH) 
3 

CÜ v 

-AH 
A„    - e [cos(vH)  + f sin  (vH)] 

where 

and 

f =  (A - g/c2)/v 

ö = g k    - ü) 

p    is the sea level ambient density.    The A   elements are identical to 

the above, with E replacing H. 

Thus in equation (3)   for the single layer system 

•16- 
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1    fp^w] 
= le 2 AD rt     -iy 

L.il£l^Z7l  +if   fe^ + a-^H 
- 3 

ekvHU +e-2vH- if(i _e-i2vH 
)] 

Pg(D}   -     poe and  y. V(H-D). 
where we have used  the relations 

»egUctlng £Ke exponential Ur«. Involving th. height of the et»o8phere. 

we have; 

PQ(D)   -3 
-1, exp [-ivD + 12tan f] 

For the range of freq„eneles an,, phase velooltlea associated „1th Raylelgh 

waves, the neglected exponentlU terM represent phase and gro,.p delays for 

wavea «hlch have travelled at least once to the top of the ensphere. As 

H become» Urger, thalr contrlhntlon to the Raylelgh wave arrives Increasingly 

Uter than the contrlhntlon of the direct wave from source to gronnd, which 

Is represented in this approximation. 

HarWder and Pllnn (1970, found that the at^sphere had little nu^erlcsl 

effect on the medium response A  1 e  for- *-u„ 
ponse Ae, i.e., for the ocean system, A^ A^ and for 

the continent A = A 

R.  Thus, comparing equation (3) with the continent 

solution corresponding to equation (16). the integrand» differ by a factor S 

for the surface and Se for the energy Injection source, where 

S0 = p a  i 
R  ^as s v 

-vD 
and Sp = p a «  ^tan if 

e  rao s — e 
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after approximating <S in the Räyleigh wave  (u),k)  range by 

o = gk    -u)    ^-ü) 

For g - o the atmosphere ia no longer exponential and we have f = o 

and V - V. The two factors are now equal since p  and p  differ only, in 
ao     as ' 

the ratio of ambient pressures at the source altitude and sea level. If we 

use the energy injection source as our standard because of its success in 

acoustic gravity wave prediction, the correct applied overpressure, p  , 
&s 

for equation (13) should be the sea leve] value, p  . 
' rao 

NUMERICAL RESULTS 

Earth and atmosphere models 

Two earth models were used throughout this study. The Gutenberg 

continental model was taken from Ben-Menahem and Harkrider (1964, p. 2610) 

and the Anderson-Toksöz oceanic model was taken from Harkrider and Anderson 

(1966, p. 2970). The velocities and densities of these models are shown In 

Figure 1. 

The atmosphere was represented by isothermal layers comprising the 

standard ARDC atmosphere (Wares et al., 1960) and is extensively described 

by Press and Harkrider (1962) and Harkrider (1964). The temperature profile 

for the atmospheric model is shown in Figure 2. The velocities c and U, and 

the medium responses Ae for the atmosphere-continental model and to- the 

atmosphere-oceanic model, as calculated by the atmosphere-earth coupled 

system dispersion program HASH, are tabulated In Table I. 

Misleading values of Rayleigh dispersion for the coupled system are 

obtained when the Rayleigh wave roots 
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are apparently Intersected by  the roots of the atmospheric acoustic modes; 

these occur along lines of nearly infinite slope in  this  region of the 

velocity-period plane.     Figure  3  shows the structure  of  the phase velocity 

curves at one such point of intersection,  and Figure 4 shows  the group 

velocities calculated  for the roots  shown in Figure  3.     The normalized 

atmospheric eigen-function w /w    is additional evidence  for  this phenomenon: mo r 

•  * 
Figure 5 shows w /w at period 41.875 seconds near a point of intersection. mo r • 

and T+- and T , just 0.3125 seconds above and below T .  The periods chosen 

for the Rayleigh wave synthesis described here were required to have appropriate 

kinetic energy densities in the bottom layer of the atmosphere. This cri- 

terion resulted in the best velocity and medium response values for our 

mi'dels.  The group velocities for these chosen periods are listed in Table I. 

Anelastic and scattering attenuation coefficient 

The amplitude decay coefficients Y.(") used here were taken from a study 

by Alewine (1972). These values differ appreciably from those used in 

Harkrider and Flinn (1970), YB_M(u), which were obtained from a linear 

extrapolation of the long-period observations of Ben-Menahem (1965). 

The YA(w) values are based on observations by Tryggvason and by 

Gutenberg and Richter (Alewine, 1972) for continental paths. We have used 

the yAu)   in the Rayleigh wave calculations for both continental and oceanic 

models.  If other coefficients y  {in)  are preferred, then the peak Rayleigh 

wave amplitudes reported here could be corrected by 

exp[YA(u) ) - Y (w )] r 
Am    o m 

where 
m 

2ir 
T 
m J 
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and  Tm is the period of the peak amplitude.  If the spectral decay factor 

with the coefficients ^(«0 causes the peak amplitude Lo occur at a different 

time within the Rayleigh wave train, corresponding to a different group 

arrival, then the best correction procedure (the only procedure if no wave 

form is given) is to redo the synthesis calculation. 

As an illustraaon of these corrections we have calculated waveforms 

for a 100 kT energy injection source at an altitude of 18.6 km and epicentral 

distance of 10.000 km for J^«). ^(«J, ^ ^ . 0.  The gpectral ^ 

factors for a 10.000 km path are shown in Figure 6.  We see in Figure 7 that 

the peak amplitudes for ^ and y    occur at T - 21 sec. but for y        at 
m B-M 

Tm = 46 sec. Table II shows a comparison between the measured amplitudes and 

the amplitudes calculated by making corrections to the measured ',     wave- 
A 

form. 

The poor comparison at 21 sec for ^- 0 (123 vs 173) might be the result 

of an anomalous Airy phase amplitude for this synthesis, since these compari- 

sons «re similar to those made for other source models.  The peak amplitudes 

could also be calculated for different .picentral distances r' by multiplying 

the amplitude at distance r by 

exp  [y 
fr sin(r/a ) 11/2 

(V^-r')] 
Lr'sin^Va ) 

e ■J 

This correction 18 approximate and depends on the amount of dispersion 

of the wave train. 

. 
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Results for low source altitudes 

The theoretical seismograms presented by Harkrider and Flinn (1970) 

were recalculated to correct for a missint factor of (Z.)"1 and an 

incorrect altitude scaling for the ocean n^del.  Examples of seismograms are 

shown in Figure 8 along with those calculated for the energy injection source 

(equation 3) and the analytical surface overpressure Glasstone source 

(equation 16). For these low source altitudes, as well as for higher ones, 

the seismograms for the point mass and energy sources are practically 

indistinguishable. We have chosen the energy source as the standard .eca-^e it 

gives better results for the acoustic-gravity waves. Table III shows a 

comparison of the peak amplitudes for the various low altitude source models. 

Intermediate sourci altitude results 

For source altitudes in the range 10-1Q00 km and yields of '0. 100. .nd 

1000 kT. we compared the Glasstone-scaled point energy source (equation 3) and 

the Murphy (19/2) scaled surface overpressure source (equation 16). 

Typical waveforms generated by these source models .re shown in Figure 9. 

The smooth spectra for the srrface source and the irregular-looking spectr. 

for the source at altitude are predicted by the source terms in the integrands 

of the respective equations, and demoastr.te the effect of ■ultlpething 

in      the atmosphere.  The peak an^litudes for these source models, shown 

In Figure 10, are netrly the ssme for the lowest source altitudes, but at 

higher altitudei the modified Sachs scaling calculated by Murphy (1972) 

predicts a larger Piylelgh wave amplitude. 

-21- 
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Uniform half space models 

In 1971, Nickel and Whitaker presented a numerical technique in which 

the atsnspheric explosion was modeled by a distributed  source on the free 

surface ol a solid half-space. The elastic constants of the homogeneous 

half-space were made to vary with the frequency in order to reproduce 

measured dispersion data.  For a homogeneous half-space the medium response 

is given by Harkrider (1970) as 

r * 

|(Y-1) + ß2 il [2VR
2 - a2 - B2] 

2 2 V a 
R (Y-l)' 

2 1/2 

where   r * - - (1 - -Ar) 
a a2 

.2*i. 

Assuming a Poisson solid as in Nickel and Whitaker with the Lame' constants 

equal, then the observed phase velocity of Rayleigh /aves V (w) deteroines 

a frequency dependent shear, ß((D),and compressional velocity,a(u),given by 

VR - (2-2/ /J)  ß and /J 6 

Thus Che media response for this fictitious half-space can be determined to 

within a factor of p, the density, which is assumed to be Independent of 

frequency or 

0.97A5 
PA
R- T 7 « 10 -11 

i 

microns  — 
k 

cm 
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where VR is in km/sec and T is in seconds. In figure 11. we show A  for 

various earth structures includtno an oceanlr m^^i  T^ *uu.wig an oceanic model.  If we assume a crustal 

density p    between 2.50 and 3.0 there is  good agreement between ^ 

vertically inhomogeneous media responses and the approximate half-space model, 

of Nickel and Whitaker using our Rayleigh dispersion for a continent and 

ocean. This means that the technique of Nickel and Whitaker i. valid for 

explosions over oceans as well as conMn»n»-o »   i < 
wexi as continents, a point questioned in Harkrider 

and Flinn (1970). 

YIELD AND BURST HEIGHT DIAGNOSTICS 

Analysis of theoretical seis.ogr.ms  to obtain a set of measurements 

capable of diagnosing yield and height of burst was attempted using the energy 

injection source model for both oceanic and continental layered structures. 

The pesk smplitude. period of oscillation at  the peak amplitude,  and the 

surface wave «gnitud. were calculated.  Table IV . at an epicentre distance of 

10.000 km.  yi,lds of 1 kT to 10 Mt. «d burst altitudes  to 80 km.    Also 

the seismic coupling, definad by the ratio of seismic energy to explosive 

yield, ZJ W, where 

log B8 - 9.4 + 2.14 M   - 0.054 M 2 (Poaeroy. 1963) 

and 

M, - log(A/T) +1.66 logA - 0.18 

A is peak-to-peak amplitude in m. anJ A 1. .plcntral distance In degrees. 

Figure 11 show, the ral.tloa of M, to yield and burst height for th. 
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Continental and oceanic models.     At most altitudes  the continental M    is 
8 

greater than the oceanic M8 for a giv-.n yield; the exceptions are 10 km and 

51.2 km. At a burst height of 80 km. both models show M proportional to 

1 s 

j  logv; and near 0 km, M8 is proportional to logW.  Figure 13 shows the rela- 

tion of the maximum waveform amplitude (AJ to yield and burst height for the 

two models.  Except in the altitude range 40-60 km, the maximum amplitudes 

for the continental model are greater than the oceanic model amplitudes.  If 

a measured quantity could be found with contours intersecting the contours 

shown in Figure 13 at angles approaching 90°, then we would be able to deter- 

mine both yield and burst height, from the Rayleigh wave.  Without such a 

quantity we could determine the yield if the burst height is known, but knowing 

only the yield, the burst height cannot be determined uniquely. 

If the yield and burst height are known for one of a series of er^iosions 

at the same location, then the yields for ,11 others detonated at approximately 

the same altitude can be calculated by comparing the energy spectra.  Figure 14 

shows relative spectral energies, defined by 

\ ■» £ ^V3 
i~l 

where N is number of equally spaced spectral samples A.. and the reference 

spectrum f^  is calculated from the theoretical waveform lor an explosion of 

1 kT at the same height and the same epicentral distance as the  event with 

unknown yield.  In terms of amplitudes rather than energies, the following 

conclusions can be drawn from Figure 141 

1.  Cube root scaling ia observed for the amplitude spectra of 

Rayleigh waves from high-altitude explosions over continental paths. 
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2. For intermediate altitudes, the amplitude 8pectra have a „1/2 

dependence for low yields and W1/3 for high yields. 

3. For near-surface altitudes  HIP om^n.- J LXLuaes, the amplitude spectra have a W 

dependence for high yields. 

Furthe. ^alysis t,!vealed that „hen the ^^ ^  ^ ^ ^ 

scaUng. th. ahortar-p»!,», «^o—t. ars closar to the H1» dapandanca 

than tha lo„gar patlod ca^onanta.  Tha qUa„tlty ER .aa aomputad „Uhoat 

-oothlug tha apaetra A and A,, hut tha ,aattar In L taaulta Blght ha 

removed by smoothing at least A . 

We examined the amplitude spectral minima and the phase spectra 

to see if there existed a simple relationship 

to the burst height, but none could be found. 

Spectral splitting, i.e.. the ratio of energy in the longer-period end 

of the Rayleigb wave gpectrum to energy ^ ^ ^^^^ ^ ^  ^ 

suggested as a discriminant between underground explosions and earthquakes 

(von Seggern and Lambert. 1970). The physical rationale is that the two 

source types should be sufficiently different in nature that the shape of the 

radiated elastic wave spectrum should be measurably different.  Intuitively 

it seems reasonable that variations in yield and burst hei^t of atmospheric 

explosions might produce similar effects, so we studied the spectral distri- 

bution of energy in the theoretical Rayleigh wave calculations. 

We define the power spectral splitting ratio by 

P(T2,T) 
<R>T " TrTTT    • Tn< T < T„ 

Where P(a,b)  » 

p(f(f-j      ,   V      1  ^    T2 

b       2 
^ A1 and the Ai are the Fourier amplitude coefficients. 
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von Seggern and Lagert (1970) showed that the values of <R>T obtained by 

splitting the spectra at T = 22 seconds separates the population of at.ospheric 

explosion seismograms fron, earthquakes and underground explosion seismograms 

because the ferner contain less long-period energy than the latter.  Putting 

^ = 10 seconds and T., = 62 seconds, we obtain the values of <R>22 shown 

in Figure 15 for the continental .odel.  The only general relation we can 

conclude frora these data is that for the higher burst altitudes there is a 

yield threshold above which <R>22 is constant. This relation is also observed 

in Figure 16. which gives <R>T for T = 15. 20. 25. 30. and 40 seconds as a 

function of burst altitude for yields of 1. 10. and 10.000 kT.  In another 

attempt to use <R>T for yield and burst height diagnostics, we calculated 

'"he function 

R(T) = log [r <R> ] 

and we found that the shapes of R(T) were nearly independent of the yield 

but were distinguishable for different burst heights.  (Figure 17). Unfortu- 

nately there does not appear toJ,e any systematic variation that would permit 

a burst height prediction from R(T) when the source parameters are unknown. 

CONCLUSIONS 

Our theoretical treatment of Rayleigh waves generated by atmospheric 

nuclear explosions contains a rumber of approximations with regard to source 

spectra and scaling, the atmospheric model, and the earth model. Improvements 

in these assumptions will require comparisons with observations from sources 
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whose burst height and yield are known.  The choice of peak overpressure 

scaling depends on such considerations. 

Having analyzed our theoretical data base to find source diagnostics, 

we found that source yield may be estimated If the source altitude Is 

approximately known.  We expect the variation of yield to result in a 

continuous change of the waveforms and spectra.  In the case of source 

altitude we are dealing with higher modes of the atmosphere system due to 

the large Rayleigh phase velocxties compared to the acoustic velocities 

of the atmosphere.  This means there are many nodal points in the atmosphere 

eigenfunctlon with respect to altitude and frequency.  Since this elgen- 

functlon is a factor in the source altitude term [see equation (3)] the 

variations in th- altitude resulted in nearly discontinuous changes in 

spectra. We conclude that the yield diagnostics may not be useful for 

determining source altitude. 

The seismic coupling is generally greater for explosions over continents 

than over oceans; the difference may be as much as 0.5 magnitude units. The 

major differences resulting from using different earth models are seen in 

the waveforms, which are governed largely by the group velocity dispersion. 

Since most travel paths are a combination of oceanic and continental segments, 

the effective dispersion will be a weighted average of the velocities used 

in computing these waveforms. The real earth paths will also cause changes 

in the amplitude spectra due to mode conversions and reflections where the 

structure is changing.  In consideration of these effects (which we have not 

included in our analysis) we conclude that the best estimates of source 

altitude and yield will be made by comparing seismograms from explosions 

having common epicenters and travel paths such as the teduiique used by 

Toksoz and Ben-Menahem (1964). 
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Figure  20  Temperature profile  in the atmosphere. 
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I:igure  7.   Waveforms   for different  spectral  decay  factors described 
in text.  Source  altitude   is   18.6 km,  yield   is   100  kT,   and epicentra] 
distance  is   10000  km. 
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Figure 8a. Seismograms for 1 kT yield and A = 10000 km for 
different source types, source altitudes, and earth models. 
Continental model, source at 0.305 km. In each case the upper 
seismogram for a mass-inject.on source, the middle seismogram 
for an energy-injection source, and the lower seismogram for 
a surface overpressure source. 
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Figure 9a. Seismograms and amplitude spectra for intermediate 
source altitudes. Continentai! ear^h model, for epicentral 
distance A = 10000 km. The upper figures show results for an 
energy injection source and the lower figures for a surface 
overpressure source, 10 kT at 82.3 km altitude. 
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Figure 9b. Seismograms and amplitude spectra for intermediate 
source altitudes. Continental earth model, for epicentral 
distance A = 10000 km. The upper figures show results for an 
energy injection source and the lower fi^ires for a surface 
overpressure source, 100 kT at 18.6 km altitude. 
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Figure 9c. Seismograms and amplitude spectra for intermediate 
source altitudes„ Continental earth model, for epicentral 
distance A = 10000 km. The upper figures show results for an 
energy injection source and the lower figures for a surface 
overpressure source, 1 MT at 51.2 km altitude. 
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Figure 12. Ms as a function of source altitude with yield as a 
parameter, for continental and oceanic structures. 
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TABLE 2 

Peak amplitude corrections for 

different attenuation factors 

Attenuation 
coefficient 

T (sec) 
m 

Synthesized       Amplitudes 
Waveform Peak    calculated from 
Amplitude         YA waveform 

\> = o 21 173             123 

46 74              75 

y 
A 

21 64 

46 39 

A. 

YB-M 
21 5              5 

46 17              18 
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TABLE 3 

Peak Rayleigh wave amplitudes (mp) for 

1 kT yield at low altitudes 

Continenta] Structure Oceanic .  Structure 

Surface Surface 

Source height Mass Energy Overpressure Mass Energy Overpressure 
(km) source source source source source source 

0.31 0.51 0.49 1.06 0.49 0.44 0.71 

1.83 1.06 1.08 1.09 0.58 0.62 0.69 

3.66 1.04 0.97 0.99 0.88 0.86 0.71 

4.88 1.03 1.08 1.05 0.45 0.52 0.72 
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APPENDIX A 

Diac pressure source 

Our assumed pressure source is constant over a disc     of radius a, 

and with a transformed time history B(w), i.e., 

B(w),     r<a 

<ps(r,e)> = 

r>a 

Using the area integration technique, we obtain 

(A-l) 

\ 

2IT      „a 

<w  (r,e)> = B(a)) 
/ 

o o 
MIIZJ   rodrode 

I 2TT      -a 

[GN - LH] 

FR 
/ / 

Jo(VR)ro dr0 d9o 

where 

p2 = r2 + r2 - 2rr    cos (6-9 "> 
o o ^ 

From the addition theorem of Bessel functions, 

J  (kR) =    !>    J  Oar)    J  (kr)    cos(m(e-e )) 
o *-'mmom o •—   m    m 

TIFO 
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where the Neuman factor E is defined 
m 

!li    m = o 

2 ,   m jt o 

Since 

as 

cos[m(0-eo)] = cos(me)cos(me0) - sin(me)sin(me0) 

the integration over 0 yields 

<w (r,e)> = -iB(U)  /    tGN - LH] 

/ 
Jo (kr> /    Jo (kr )ro dro dk 

where we have used the relations 

/ 

Zir / o ,       m jfeo 

cos(m6)  de ■ | 

I   2-n,    m =  o 

and 

r sin(me)    d6 =   o   for all m. 
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Since 

/ 
Jo (kro>ro dro t Jl <ka> 

our solution for the disc source is: 

<w (r 
o 

f 
,e)> = -iB(w)a / 

[GN - LKJ  J1(ka) 

—F  -V- Jo(kr) dk (A-2) 

This solution can be verified using equations (4) and (9). The disc source 

can be expressed in integral form as 

<p (r,e)> = B(io 
s 

oo 

)a /    J1  (ka) Jo (kr) dk 

and comparison with equation (4) implies that 

P = B(u) a Jn (ka) 
s 1 

which substituted in equation (9) gives the same result as equation (A-2). 
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